We report a study of the properties of the semiconducting polymer poly͑9,9-dioctylfluorene͒ ͑PFO͒ as a gain medium. We demonstrate amplification of blue light via amplified spontaneous emission ͑ASE͒ measurements on optically pumped PFO planar asymmetric waveguides. We show that the ASE wavelength can be tuned over a range of 20 nm by altering the supported waveguide modes. Gain/loss measurements at the peak ASE wavelength ͑466 nm͒ show that the waveguides can exhibit a large net gain of up to 74 cm Ϫ1 and have a very low loss coefficient ϳ3 cm
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Semiconducting ͑conjugated͒ polymers are now attracting considerable attention as a new materials class for use in electronics and optoelectronics. [1] [2] [3] There is also strong interest in developing these materials for use as gain media in lasers and optical amplifiers. High photoluminescence efficiencies and large stimulated emission cross sections, coupled with spectra that can be tuned across the entire visible spectrum, make conjugated polymers attractive for such applications. 4 -6 In particular, fluorene-based polymers offer a wide range of available emission wavelengths, high thermal and oxidative stability, and good performance as hosts for other emitters.
In this letter we report on the optical gain properties of poly͑9,9-dioctyfluorene͒ ͑PFO͒ planar asymmetric waveguides. PFO has emerged as an attractive material for optoelectronic applications due to its efficient blue photoluminescence ͑PL͒ and electroluminescence ͑EL͒. 7 The chemical structure of this polymer is shown in the inset to Fig. 1 . It was synthesized at the Dow Chemical Co. via a Suzuki coupling reaction 8 and was extensively purified to remove ionic impurities and catalyst residues. Slab waveguides were fabricated under clean-room conditions by spin-coating polymer films of thickness 36 -160 nm from 20 mg/ml xylene solutions onto polished synthetic quartz substrates. Absorption and fluorescence measurements showed that the PFO waveguides had a featureless absorption band that peaks at 390 nm and a structured emission that exhibits well-defined vibronic peaks at 439 nm ͑0-0 transition͒, 466 nm ͑0-1͒, 495 nm ͑0-2͒, with a shoulder near 540 nm ͑0-3͒. The refractive index of PFO at 466 nm, as calculated by transmittance and interference measurements, 9 is n p ϭ1.75, while the index of the substrates is n s ϭ1.46.
To demonstrate stimulated emission, the waveguides were photopumped at 390 nm with a N 2 laser pumped, dye laser, emitting 0.5 ns pulses at a repetition rate of 7 Hz. The energy of the pulses was controlled by a set of calibrated neutral density filters. A cylindrical lens and an adjustable slit were used to focus the excitation beam into a narrow stripe of dimension 300 mϫ4 mm, thus creating a stripe shaped gain region. The spontaneously emitted photons that are waveguided along this region are amplified via stimulated emission, a process known as amplified spontaneous emission ͑ASE͒, and most of the light is emitted from the ends of the stripe. ASE manifests itself with a sudden narrowing of the emission spectrum and an increase in the intensity and directionality of the output radiation. One end of the excitation stripe was positioned at the substrate edge of the slab waveguide and the edge emission was collected with a fiber-coupled grating spectrometer equipped with a charge coupled device ͑CCD͒ detector. Figure 1 shows the edge collected emission spectra for three different excitation energies. At low pump energies, the emission spectra are very similar to the normal PL spectra of spin-coated PFO films. They are broad and exhibit clear vibronic peaks characteristic of spontaneous emission. As the pump energy is increased the stimulated emission component increases and results in gain narrowing centred on the maximum of the net gain spectrum. Figure 1 shows that the maximum net gain in our waveguides occurs at ϳ466 nm, which coincides with the 0-1 vibronic transition of the PFO spontaneous emission spectrum. This coincidence is entirely reasonable since it corresponds to a quasi-four-level vibronic system, with a consequently low threshold for net gain. Figure 2 shows the dependence of the output light intensity, integrated over all wavelengths, on the pump energy. The inset shows the corresponding variation of the emission linewidth full width at half maximum ͑FWHM͒. The threshold pump energy for ASE is ϳ0.35 J, corresponding to an areal energy density of ϳ29 J/cm 2 . For pump energies below that value, almost all the photons are emitted spontaneously and thus, the spectra are broad with FWHM of ϳ35 nm. The output intensity from the end of the excitation stripe is very low and grows very slowly. When the pump energy exceeds the threshold, stimulated emission becomes dominant. This is manifest in a dramatic narrowing of the emission spectra, with a FWHM collapse to about 4 nm, and an abrupt increase in the edge emitted output signal slope efficiency.
In asymmetric waveguides the number of supported guided modes decreases as the thickness of the guiding layer decreases. For a given guiding layer thickness there is a distinct cutoff wavelength, above which no bound modes exist and the radiation leaks into the substrate. Hence, there is potential for tuning the ASE position by decreasing the active layer thickness and thus forcing the polymer to emit at the cutoff wavelength. 10, 11 To examine this, a range of waveguides of varying polymer thickness ͑ranging from 35 to 160 nm͒ was fabricated. Figure 3 shows the emission spectra from some of these waveguides, obtained under highenergy excitation. For thick PFO films ͑у80 nm͒ it was found that the ASE wavelength is pinned at 466 nm, while for thinner films the wavelength blueshifts with decreasing polymer-layer thickness. In the thick film waveguides amplification always occurs at the position of maximum material gain. In this case, the maximum gain wavelength is far below the waveguide cutoff. For thinner PFO layers, the guide no longer supports a bound mode at this maximum gain position, and so ASE occurs at the nearest guided wavelength, i.e., at the cutoff wavelength. Using this method we have been able to tune the ASE wavelength in PFO films over an ϳ20 nm range.
Having demonstrated amplification due to ASE, we also measured the net gain that the PFO waveguides exhibit. 12 Structures with a 100 nm thickness polymer layer were photopumped with a variety of excitation energies using the same geometry as before. This time, however, the pump stripe length was gradually increased from 0 to 2 mm. The emission intensity, I(), at the maximum gain position ASE ϭ466 nm was recorded and plotted against the pump stripe length, l. The data were then fitted using Eq. ͑1͒ to extract a value for the net gain coefficient, g():
where, AP 0 describes spontaneous emission proportional to the pump energy. Figure 4͑a͒ shows the dependence of the emission intensity at ASE on the excitation length for three different pump energies. For a low pump energy, E p ϭ1.3 J, the net gain was found to be about 10 cm
. At higher pump energies, E p ϭ2.05 J and E p ϭ3.26 J, the gain increases to 21 and 30 cm Ϫ1 , respectively. A maximum ͑experiment limited͒ net gain of 74 cm Ϫ1 was demonstrated when E p ϭ9 J, a value that is among the highest reported for a conjugated polymer. Note, that our calculations include only the subset of data corresponding to shorter excitation lengths, lϽ1.3 mm, for which gain saturation is not evident.
Finally, we have also measured the loss characteristics of the waveguides. In these measurements the length of the pump stripe was kept constant (lϭ2 mm), but the stripe itself was gradually moved away from the waveguide edge in steps of 0.1 mm. Since the output intensity from the end of the excitation stripe will be constant, observed decreases in the detected signal will be due to waveguide losses ͑mainly absorption and scattering͒ within the unpumped region. Figure 4͑b͒ shows the detected light intensity at ASE as a function of the stripe distance from the waveguide edge. The data were fitted assuming an exponential dependence on length ͑as appropriate for absorption losses͒ and a loss coefficient of ␣ϭ3.5 cm Ϫ1 was extracted. This is a very small value for a single component organic film. For comparison, the loss co- efficient of MEH-PPV has been reported 12 to be 44 cm Ϫ1 and values of 0.5-3 cm Ϫ1 have only previously been obtained for blends in which energy transfer moves the emission far away from the absorption/Rayleigh scattering tail. 13 The single conjugated polymer films studied in our work are simpler in composition than blend samples and, most importantly, operate in the blue spectral range at wavelengths much shorter than systems exploiting energy transfer to a dopant chromophore.
In conclusion, we have presented the results of a study of stimulated emission in PFO asymmetric waveguides. The wavelength of the ASE emission can be tuned across a range of 20 nm through control of the supported guiding modes. Gain and loss measurements reveal high net gain ͑у74 cm Ϫ1 ͒ and low loss (␣ϭ3.5 cm Ϫ1 ) coefficients, making PFO attractive as a gain medium for use in amplifiers and lasers. FIG. 4 . Gain and loss measurements on a 100 nm thickness PFO slab waveguide: ͑a͒ Excitation length dependence of the intensity at ASE ͑466 nm͒ for pump energies 1.3 ͑diamonds͒, 2.1 ͑triangles͒, and 3.3 J ͑circles͒. ͑b͒ Dependence of the emission intensity ͑on a log scale͒ upon the length of the nonpumped region between the edge of the excitation stripe and the substrate edge of the waveguide. The pump energy density was 83 J/cm
